[1] For the first time in the history of the International Terrestrial Reference Frame, the ITRF2000 combines unconstrained space geodesy solutions that are free from any tectonic plate motion model. Minimum constraints are applied to these solutions solely in order to define the underlying terrestrial reference frame (TRF). The ITRF2000 origin is defined by the Earth center of mass sensed by satellite laser ranging (SLR) and its scale by SLR and very long baseline interferometry. Its orientation is aligned to the ITRF97 at epoch 1997.0, and its orientation time evolution follows, conventionally, that of the no-net-rotation NNR-NUVEL-1A model. The ITRF2000 orientation and its rate are implemented using a consistent geodetic method, anchored over a selection of ITRF sites of high geodetic quality, ensuring a datum definition at the 1 mm level. This new frame is the most extensive and accurate one ever developed, containing about 800 stations located at about 500 sites, with better distribution over the globe compared to past ITRF versions but still with more site concentration in western Europe and North America. About 50% of station positions are determined to better than 1 cm, and about 100 sites have their velocity estimated to at (or better than) 1 mm/yr level. The ITRF2000 velocity field was used to estimate relative rotation poles for six major tectonic plates that are independent of the TRF orientation rate. A comparison to relative rotation poles of the NUVEL-1A plate motion model shows vector differences ranging between 0.03°and 0.08°/m.y. (equivalent to approximately 1-7 mm/yr over the Earth's surface). ITRF2000 angular velocities for four plates, relative to the Pacific plate, appear to be faster than those predicted by the NUVEL-1A model. The two most populated plates in terms of space geodetic sites, North America and Eurasia, exhibit a relative Euler rotation pole of about 0.056 (±0.005)°/m.y. faster than the pole predicted by NUVEL-1A and located about (10°N, 7°E) more to the northwest, compared to that model.
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Introduction
[2] One of the ultimate goals of space geodesy is to estimate point positions on the Earth surface as accurately as possible. Meanwhile, point positions are neither observable nor absolute quantities and then have to be determined with respect to some reference. We refer to ''terrestrial reference system'' (TRS) as the mathematical object satisfying an ideal definition and in which point positions will be expressed. Nevertheless, the access to point positions requires some observational means allowing their link to the mathematical object. We therefore call a ''terrestrial reference frame'' (TRF), a physical materialization of the TRS, making use of observations derived from space geodesy techniques.
[3] The distinction between ''system'' and ''frame'' is then subtle since the former is rather invariable and inaccessible while the latter is accessible and perfectible. The general concepts of reference systems and frames have been extensively discussed in the 1980s within the astronomical and geodetic communities [Kovalevsky et al., 1989] . They are largely described by Boucher [2000] . The use of space geodesy techniques since the 1980s has deeply improved positioning over the Earth's surface: The uncertainties initially of decimetric level are now of centimetric, even millimetric level.
[4] Nevertheless, each technique and each data analysis define and realize its own TRS. Therefore a multitude of TRF could exist, having systematic differences and bias when one is compared to another. This fact led the International Union of Geodesy and Geophysics (IUGG) and the International Association of Geodesy (IAG) to adopt a unique TRS, called the International Terrestrial Reference System (ITRS) for all Earth science applications [Geodesist's Handbook, 1992] . For the general description of the ITRS, see McCarthy [1996] . The ITRS origin is defined by the center of mass of the whole Earth, including oceans and the atmosphere. Its unit of length is the meter (SI) so that this scale is consistent with the geocentric coordinate time (TCG), in agreement with IAU/IUGG resolutions (1991), see the appendix of McCarthy [1992] . The use of TCG ensures that all physical quantities take the same value in the terrestrial coordinate system as in the barycentric system (or in any other planetocentric system). The mean rate of the coordinate time TCG coincides with the mean rate of the proper time of an observer situated at the geocenter (with the Earth removed), whereas the mean rate of the terrestrial time (TT) coincides with the mean rate of the proper time of an observer situated on the geoid [Petit, 2000] . The two timescales differ in rate by (TCG À TT % 0.7 Â 10
À9
). Its orientation is consistent with that of the Bureau International de l'Heure (BIH) at 1984.0. Its orientation time evolution is ensured by a no-net-rotation condition with regards to horizontal tectonic motions over the whole Earth.
[5] The basic idea of ITRF is to combine station positions (and velocities) computed by various analysis centers, using observations of space geodesy techniques, such as very long baseline interferometry (VLBI), lunar and satellite laser ranging (LLR and SLR), Global Positioning System (GPS), and Doppler Orbitography Radiopositionning Integrated by Satellite (DORIS). The combination method has proved its efficiency to produce a global reference frame which benefits from the strengths of all these different techniques.
[6] The history of ITRF goes back to 1984, when for the first time a combined TRF (called BTS84), was established using station coordinates derived from VLBI, LLR, SLR, and Doppler/TRANSIT (the predecessor of GPS) observations [Boucher and Altamimi, 1985] . BTS84 was realized in the framework of the activities of BIH, being a coordinating center for the international project called Monitoring of Earth Rotation and Intercomparison of Techniques (MERIT) [Wilkins, 1989] . Three other successive BTS realizations were then achieved, ending with BTS87 [see Observatoire de Paris, 1986 de Paris, , 1987 de Paris, , 1988 , when in 1988, the IERS was created by the IUGG and the International Astronomical Union (IAU).
[7] Since the first ITRS realization, namely, ITRF88, eight other ITRF versions were established and published, each of which superseded and replaced its predecessor. Substantial improvements have since been constantly made in the data analysis strategy to achieve optimal combination for ITRF generation Altamimi, 1993, 1996; Sillard et al., 1998 ].
[8] As the ITRF solutions are widely used in geodetic and geophysical applications, the ITRF2000 is intended to be an improved frame in terms of quality, network and datum definition. The ITRF2000 solution reflects the actual quality of space geodesy solutions, being free from any external constraints. It includes primary core stations observed by VLBI, LLR, SLR, GPS, and DORIS (usually used in previous ITRF versions) as well as regional GPS networks for its densification. To ensure its time evolution stability, the ITRF2000 orientation rate has been implemented on a selection of high quality geodetic sites. (All ITRF2000 results and related files are available at http:// lareg.ensg.ign.fr/ITRF/ITRF2000.) 2. ITRF2000 Input Data 2.1. Space Geodesy Solutions
[9] In order to facilitate the exchange of space geodesy results between analysis centers and research groups, a welldocumented and flexible format was necessary. A working group was formed in 1994 by the International GPS Service (IGS), involving ITRF section, to establish such a format. The SINEX acronym (Software Independent Exchange) was suggested by Blewitt et al. [1994] , and the first versions, 0.04, 0.05, and 1.00 evolved from the work and contributions of the SINEX Working Group chaired by G. Blewitt. The SINEX format was then born and widely used by all IGS and IERS analysis centers. SINEX format, by its structure, is designed to contain estimated parameters such as station positions, velocities, Earth orientation parameters, and estimated and a priori (constraint) matrices.
[10] From the beginning of the ITRF2000 project, the IERS analysis centers were encouraged and assisted to provide TRF solutions without any external constraint that would disturb their results. The rationale behind this goal is to try to assess the real quality of station positions and velocities provided by space geodesy techniques. The submitted geodetic solutions incorporated in the ITRF2000 combination are of three types, according to the initial constraints applied upon all or a subset of stations: (1) removable constraints, solutions for which the estimated station positions/velocities are constrained to external values within an uncertainty s % 10 À5 m for positions and m/yr for velocities; this type of constraints is easily removable as described in Appendix A; (2) loose constraints, solutions where the uncertainty applied to the constraints is s ! 1 m for positions and !10 cm/yr for velocities; and (3) minimum constraints used solely to define the TRF using a minimum amount of required information, in a similar approach to the one described in Appendix A.
[11] These solutions are basically station positions and velocities with full variance matrices provided in SINEX format. These data are listed in Table 1 , where for each solution the type of constraints, loose, removable, or minimum, is indicated. Observations used in these solutions span about 20 years for pioneering space geodesy techniques (LLR, VLBI, SLR) and approximately 10 years for GPS and DORIS techniques.
Local Surveys in Collocation Sites
[12] When combining TRF solutions provided by different techniques, it is essential to have sufficient collocation sites. A collocation site is defined by the fact that two or more space geodesy instruments are occupying simultaneously or subsequently very close locations which are very precisely surveyed in three dimensions, using classical surveys or the GPS technique. Classical surveys are usually direction angles, distances, and spirit leveling measurements between instrument reference points or geodetic markers. Adjustments of local surveys are performed by national geodetic agencies operating space geodesy instruments to provide differential coordinates (local ties) connecting the collocated instruments.
[13] Collocation sites represent a key element of the ITRF combination, connecting the individual TRF networks together. In addition to space geodesy solutions listed in Table 1 , local ties between collocated stations are introduced in the combination with proper variances. They were collected since the beginning of ITRF activities from different sources; see, for instance, Boucher et al. [1999] .
[14] The procedure adopted for ITRF2000 combination is to include local ties as independent solutions per site with full variance matrices using SINEX format. Unfortunately, local tie SINEX files were submitted to ITRF section by only one group, e.g., The Australian Surveying and Land Information Group (AUSLIG) for all the Australian collocation sites. Consequently, the other local ties used in the ITRF2000 combination were first converted into a complete set of positions for each site, provided in SINEX format. This has been achieved by solving for the following system of observation equations:
where (Áx s i,j , Áy s i,j , Áz s i,j
) are the geocentric components of the tie vector linking two points i and j, of a given data set s. The standard deviations (SD) (sÁx s i,j , sÁy s i,j , sÁz s i,j ) for each local tie vector are used to compute a diagonal variance matrix. If these SD are not available, they are computed by where s 1 = 3 mm and
The equation system (1) needs, of course, initial coordinates for one point per tie vector set s, which are taken from ITRF solutions. Figure 1 shows the coverage of the ITRF2000 network, highlighting the sites with collocated techniques.
ITRF2000 Data Analysis
[15] Major innovations are implemented to enhance and to improve the ITRF2000 combined solution, e.g., (1) unconstrained individual solutions are used and to which minimim constraints are added in order to accurately define the underlying TRF in origin, scale, orientation and time evolution; (2) the ITRF2000 origin is defined by the center of mass as sensed by SLR; and (3) in order to achieve better definition of its orientation time evolution, this latter is established upon a selection of sites of high geodetic quality.
[16] The ITRF2000 analysis strategy is a collection of procedures and algorithms implemented in CATREF software. The basic equations used in the different CATREF modules are given in Appendix A.
[17] The following steps were followed to generate the ITRF2000 combined solution:
1. The constraints of the originally constrained solutions were removed and minimum constraints were applied, using equations (A12), (A13), and (A14). Similar approach of constraint handling is used by [Davies and Blewitt, 2000] . For more details about minimum constraints, see [Sillard and Boucher, 2001] .
2. Minimum constraints were added to loosely constrained solutions, using equation (A15).
3. Solutions where analysis centers already applied minimum constraints were used as they are.
4. For each individual solution, station positions were propagated to epochs of minimal position variances (EMPV), using equations (A20), (A21), and (A22). In order to assess the relative qualities of the individual solutions used in the ITRF combination, we compute the commonly known weighted root mean scatter (WRMS) per solution based on the postfit residuals. The experience showed that the computed EMPV, at which the residuals are computed, corresponds approximately to the central epoch of observations of each station. Therefore, propagating station positions at their EMPV's ensures a more ''realistic'' WRMS evaluation, in positions, for each individual solution.
5. Individual solutions were analyzed, by comparisons and combinations within each technique for quality control and consistency evaluation.
6. All individual solutions together with local ties were finally combined, using the physical model described in Appendix A: equations (A9), (A10), and (A11).
[18] The last step is in fact the most critical one and includes a first run, variance factor estimation, subsequent iterations as well as outlier rejections. In the first run, a preliminary variance factor (s s 2 , as given by equation (A16)) is estimated for each individual solution. The individual solutions are then weighted by the variance factors estimated in the first run (used as multiplicative factors of the individual variance matrices) and the combination is iterated. Inspection of postfit residuals is then performed for outlier rejections: A station is rejected if any position or velocity component exhibits a residual exceeding a certain chosen threshold. For the ITRF2000 solution it was decided to reject stations having a position or velocity normalized residual (raw residual divided by its observation a priori ETG error) exceeding a threshold of 4. Note that in each iteration, new individual variance factors are estimated which are then used to rescale the individual matrices for the next iteration. Outlier rejections are also operated before the next iteration. The combination is repeated until the individual variance factors as well as the variance factor of the global combination converge to unity and outlier rejections are no longer needed. This iterative process allows a refined estimation of variance factors, free from outlier influence, to the level of the chosen threshold.
[19] Five iterations were necessary to produce the final robust and refined ITRF2000 solution. The outlier rejections represent about 1% of the total data included in the ITRF2000 combination. The final estimated individual variance factors are listed in Table 1 .
[20] The method used for variance component estimation described in Appendix A (section A5) shows that the more solutions included in the combination the better estimation of variance factors is obtained and the lesser number of iterations is needed. For more details concerning constraint handling and ITRF analysis strategy, see Altamimi et al. [2002] .
Datum Definition
[21] From a geodetic point of view, a TRS realization through a TRF, requires 14 parameters: three translations (origin), one scale factor, three rotations (orientation) and the seven corresponding rates. Given the fact that the 14 parameters should be viewed as relative values between two TRFs, their selection should correspond to the adopted TRS definition that one wants to satisfy. However, space geodesy observations do not carry all the necessary information to completely realize a TRS. While satellite techniques are sensitive to the Earth center of mass (a natural TRF origin), VLBI is not (whose TRF origin is arbitrary defined through some constraints); the scale is dependent on the modelling of some physical parameters; and the TRF orientation (unobservable by any technique) is arbitrary or conventionally defined, through specific constraints.
[22] The Earth center of mass is the point with respect to which the orbit of dynamical techniques (LLR, SLR, GPS, DORIS) is referred. However, the center of mass is affected by various geodynamic processes of mass redistribution in the Earth interior and surface envelopes [Barkin, 1999] , causing time variations of its position with respect to the Earth surface. In other words, the geocentric motion of the tracking stations due to this effect, is known as ''geocenter motion'' and likely involves periodic and secular components. Presently, most of the analysis centers do not explicitly include this effect in their models. Therefore the origin of the resulting TRF coincides in practice with the position of the center of mass averaged over the period of the used observations. In practice, the dynamical techniques have currently limited abilities to accurately measure the geocenter motion [Ray, 1999] . For more details on the geocenter motion and variation, see, for instance, Watkins and Eanes [1997] , Greff-Lefftz [2000], Chen et al. [1999] , and Dong et al. [1997] .
[23] When generating a combined TRF (such as the ITRF), different options could be adopted to specify explicitly the 14 datum parameters. While the seven parameters should be selected at a given epoch, the selection of scale and translation rates depends on the significance of the relative rates of the individual TRFs included in the combination.
[24] The translation rates between satellite TRFs are heavily dependent on the network configuration, the orbit and the used observations. They may also be affected by the geocenter secular motion. The scale rate is influenced by station vertical motions and other modelling such as the troposphere, as well as technique-specific effects, such as VLBI, GPS, and DORIS antenna-related effects, and SLR station-dependent ranging biases. The orientation rate, although it could be arbitrarily chosen, should have a geophysical meaning due to tectonic plate motions.
[25] Therefore a TRS realization should take into account motions and deformations of the Earth's crust, simply because space geodesy observing sites are located on that deforming crust. Meanwhile, since space geodesy techniques make use of positions and/or motions of space objects, such as satellites and extra-galactic radio-sources in case of VLBI, consistency between Celestial Reference Frame (CRF), TRF, and EOP (connecting the two frames) should naturally be ensured for each individual (technique) TRS realization. Therefore the ITRF, being one of the three IERS global references, should be consistent with the ICRF and EOP series.
[26] Moreover, fundamental equations of Earth rotation theory are all related to a coordinate system in which any motion or deformation of the Earth does not contribute to its net angular momentum [Munk and MacDonald, 1973; Kinoshita and Sasao, 1989] . To achieve this goal, a generally accepted approach is the use of the Tisserand system of mean axes defined by minimizing the kinetic energy given by
where dm is a mass element and V is its velocity. The most intuitive choice of the integration domain C is the Earth's crust since, as it has already been mentioned, it ''carries'' our geodetic observing sites and the signals of its motion and deformation are contained in the observations.
[27] One of the goals of defining a minimal kinetic energy T on the crust is to minimize its global motion that would affect the EOP. Meanwhile, deeper geodynamic processes such as mantle convection and the core -mantle boundary will still influence the Earth rotation. Minimizing T leads to null linear p and angular h momentums [see Boucher, 1989] :
where X is the dm position vector.
[28] Equations (4) and (5) theoretically define the TRF translation and rotation rates, respectively. The scale rate, although it is not foreseen in this approach, corresponds to a physical quantity estimated by space geodesy techniques.
[29] Given the fact that satellite (dynamical) techniques estimate the geocenter motion, and so station positions are referred to the center of mass as a natural TRF origin, equation (4) is no longer needed. Meanwhile, equation (5) represents the definition of the no-net-rotation (NNR) condition over the crust.
[30] A rigorous application of equation (5) requires knowledge of the crust density as well as its thickness which may vary spatially, especially between oceans and continents. However, a difficulty occurs when one wants to evaluate the integral of equation (5). A summation is then used instead, over a certain number of observing stations or tectonic plates representing the lithosphere. Each one of these two possibilities (stations or plates) leads to a different implementation of the NNR condition.
[31] The approach of applying the NNR condition over observing stations requires careful investigation. The implied stations should satisfy minimum criteria, such as having a long enough observing period (say at least three years) and being distributed optimally over the whole Earth's surface. Moreover, the use of equation (5) in this approach needs objective selection (or delimitation) of each area element associated with each station which should take its geophysical environment into account.
Background of ITRF Datum Definition
[32] Since the ITRF94, we have started to use full variance matrices of the individual solutions incorporated in the global combination. At that time, the ITRF94 datum was achieved as follows : (1) the origin (the three translation components), by a weighted mean of some SLR and GPS solutions; (2) the scale, by a weighted mean of VLBI, SLR and GPS solutions, corrected by 0.7 ppb to meet the IUGG and IAU requirement to be in TCG (geocentric coordinate time) time frame instead of TT (terrestrial time) used by the analysis centers; (3) the orientation was aligned to the ITRF92 ; and (4) the time evolution was ensured by aligning the ITRF94 velocity field to the model NNR-NUVEL-1A (adapted from NNR-NUVEL-1 [Argus and Gordon, 1991] , according to DeMets et al. [1994] ) over the seven rates of the transformation parameters.
[33] The ITRF96 was then aligned to the ITRF94, and the ITRF97 was aligned to the ITRF96 using the 14 transformation parameters [Boucher et al., , 1999 . Analysis of the individual solutions submitted to the ITRF2000 reveals that the ITRF97 exhibits a Z translation (and rate) with respect to most of the SLR solutions, as well as a scale factor.
[34] It then became necessary to define the ITRF2000 datum to agree with the updated space geodesy data, and it was thus decided to adopt the following datum definition:
1. The scale and its rate are defined by a weighted average of VLBI and the most consistent SLR solutions. Unlike the ITRF97 scale expressed in TCG-frame, that of the ITRF2000 is expressed in TT-frame, following the recommendations of the ITRF2000 Workshop (November 2000) . This decision was adopted in order to satisfy space geodetic analysis centers contributed to ITRF2000 who use a time scale consistent with TT-frame.
2. The translations and their rates are defined by a weighted average of the most consistent SLR solutions.
3. The orientation is aligned to that of ITRF97 at epoch 1997.0 and its rate to be such that there is no-net-rotation rate with respect to NNR-NUVEL-1A. Note that the orientation as well as its rate are defined upon a selection of ITRF sites with high geodetic quality, satisfying the following criteria: (1) continuously observed during at least 3 years; (2) located on rigid parts of tectonic plates and far away from deforming zones; and (3) velocity formal error (as result of the ITRF 2000 combination) less than 3 mm/yr; and (4) velocity residuals less than 3 mm/yr for at least three different solutions;
[35] On the basis of the ITRF2000 analysis, sites selection (one point per site) was performed using the above criteria yielding 96 sites satisfying criteria 1, 3, and 4. In sites having more than one station, the priority is given to the station satisfying best criterion 3 and (if they are of the same quality) then to station with longer observation period. Note that none of the DORIS stations satisfies the above criteria. Assignment of sites to rigid tectonic plates and deforming zones was then performed with the help of D. F. Argus (following Argus and Gordon [1996] ), providing 55 sites on rigid plates and 41 sites on deforming zones, listed in Table 2 . In Table 2 , sites are ordered within each plate by increasing east longitude. The 41 sites located on deforming zones were obviously not used in the orientation definition. From the 55 sites on rigid plates, only 50 sites were used, the remaining five sites being rejected for the following reasons:
1. Bahrein (Arabian plate) and Easter Island (Nazca plate) are found to have estimated ITRF2000 velocities which disagree with NNR-NUVEL-1A by about 6 and 10 mm/yr, respectively.
2. Tromso (Eurasian plate) and Flin-Flon (North American plate) show about 2 mm/yr postfit residual after NNR absolute rotation pole estimation.
3. Richmond site (United States), having more than 8 years of VLBI observations, exhibits about 15 mm position discrepancy between ITRF2000 and ITRF97 estimates due to imprecise local ties deweighted in ITRF2000 and not in ITRF97. Including this site in the core list would bias the ITRF2000/ ITRF97 orientation alignment at epoch 1997.0.
[36] Consequently, only 50 ''core'' sites on rigid plates were used in the ITRF2000 orientation and rate definition, shown on Figure 2. 
Implementation of the ITRF2000 Datum
[37] When combining individual solutions using a physical model such as the one implemented in CATREF software and briefly described in Appendix A (equations (A9), (A10), and (A11)), the combined frame has to be defined by specifying the 14 parameters corresponding to the datum definition. Equivalently, the normal matrix, constructed by accumulating normal equations (equation (A10)-type) of the individual solutions, has a rank deficiency corresponding to the 14 transformation parameters.
[38] There are several ways to define the TRF datum in the combination model. A very simple case is to fix given values (e.g., zeros) to the 14 parameters of one solution among those included in the combination. In contrast, the implementation of the ITRF2000 datum was achieved as Figure 2 . ITRF2000 high-quality sites. Note that only the 50 sites on rigid plates (circles) were used in the orientation rate definition of the ITRF2000 (see text).
positions at epoch 1997.0 defining the rotation angles and NNR-NUVEL-1A velocities defining the rotation rates; and (3) X, estimated station positions and velocities. It should be noted that equation (6), only applied upon the 50 selected sites, introduces six equations defining the ITRF2000 orientation (and its time evolution) and not more.
[39] The consequence of this new datum definition is that there are some significant parameter differences between the ITRF2000 and the previous ITRF97. To assess these differences as accurately as possible, 14 transformation parameters were estimated between these two frames upon the 50 core sites, yielding the values listed in Table 3. Table 3 lists also the rates of the seven transformation parameters between ITRF2000 and NNR-NUVEL-1A, also estimated upon the 50 sites.
[40] As described in Appendix A (section A2), the estimated transformation parameters between two solutions depends on the weight matrix used in this estimation. To estimate the 14 transformation parameters between ITRF2000 and ITRF97, we performed three comparisons using respectively three different options: (1) unit weights (identity matrix); (2) cumulated diagonal terms of the two inverses of the variance matrices; and (3) cumulated inverses of the two full variance matrices. The resulting values of the three sets of the 14 parameters are statically equivalent (e.g., differences are less than the formal errors, at one s). In Table  3 we list the values of the first option (i.e., using unit weights) since it is fully consistent with the way we ensured the ITRF2000 orientation alignment to ITRF97 at epoch 1997.0, using equation (6). Meanwhile, in order to assess a statistically realistic accuracy of this alignment, Table 3 also lists the values of the third option, (i.e., using the two full matrices).
[41] Similarly, the rates of the seven transformation parameters between ITRF2000 and NNR-NUVEL-1A are listed in Table 3 , following the first and third options. Since NNR-NUVEL-1A is a horizontal model, we assumed zero vertical velocity for each one of the 50 core sites. Note however that the third option consists in constructing the weight matrix upon the inverse of the full variance matrix of ITRF2000 and the inverse of a variance matrix resulting from the adoption of 3 and 10 mm/yr, respectively, for horizontal and vertical errors Figure 3 . Translation variations (mm) of SLR, multitechnique, and GPS solutions. The third column plots show the translation variations of the five SLR solutions whose weighted average was used to define the ITRF2000 origin. ) for the scale and ppb/yr for its rate; mas for the rotations and mas/yr for their rates.
b Values obtained using unit weight matrix. c The ITRF97 scale is expressed in the TCG frame, whereas that of the ITRF2000 is in the TT frame. The actual scale difference is then 0.85 ppb.
d Values obtained using a weight matrix constructed upon the inverses of the two full matrices.
for NNR-NUVEL-1A velocities. The values listed in Table 3 show null rotation rates between ITRF2000 and NNR-NUVEL-1A, but small translation and scale rates which (although they are meaningless since NNR-NUVEL-1A is derived using equation (5) type, defining three rotation rate parameters) are most likely due to ITRF2000 vertical velocities for which NNR-NUVEL-1A provides no information.
[42] The two sets of the transformation parameters listed in Table 3 show no significant differences between the two estimates. This fact reflects the robustness of the selection of the 50 high-quality geodetic sites. The errors listed in Table 3 indicate that the orientation alignment of ITRF2000 to ITRF97 at epoch 1997.0 is ensured at (or better than) the 1 mm level. Similarly, the ITRF2000 orientation rate alignment to NNR-NUVEL-1A is also at the 1 mm/yr level.
ITRF2000 Results
[43] The results of the ITRF2000 global combination are (1) station positions at epoch 1997.0, (2) station velocities (stations within the same site are constrained to have the same velocity), (3) transformation parameters (at epoch 1997.0) and their rates between ITRF2000 and each individual frame, after removing the original constraints (if any) and applying minimum constraints, and (4) postfit residuals for each individual solution included in the global combination. Note that station positions and velocities, as well as transformation parameters are all estimated simultaneously, in a single adjustment, using the combination model described in Appendix A (section A3).
[44] Since we combine solutions with minimum constraints, we assume that the rotation parameters are uninformative. This statement is also valid for the relative origins of VLBI TRFs. Therefore we will focus on the relative scales and origins of satellite-derived solutions as well as the relative scales of VLBI solutions.
Individual TRF Origin and Scale Differences
[45] Selecting the time interval 1991 -2000 as the ''common'' observation period of the analyzed solutions, Figure 3 shows the linear variation of the translation components for SLR and GPS solutions, relative to the ITRF2000 origin (mean of the five selected SLR solutions). Figure 4 illustrates the linear variation of the scale for VLBI, SLR, and GPS solutions, relative to the ITRF2000 scale (mean of the three VLBI and five SLR solutions). The linear variations shown in Figures 3 and 4 were computed by propagating each parameter value from epoch 1997.0 to the end point epochs (e.g., 1991.0 and 2000.0), using the relation
where P is a transformation parameter and _ P is its time derivative (rate).
[46] DORIS solutions are not represented on Figures 3  and 4 , their origin differences being in the range 1 -10 cm and their scale differences in the 3 -8 ppb range. Note, however, that the multitechnique GRIM and CSR solutions are shown on SLR plots, since they are dominated by SLR data, especially in terms of datum definition.
[47] Figure 3 clearly shows the good agreement between the five selected SLR solutions over the three translation components, within 2 mm in X and Y and 5 mm in Z, over the whole 1991 -2000 selected period. Moreover, the translation rates of the 5 SLR solutions are not significant, since they are within their uncertainties which range between 0.2 and 0.4 mm/yr in X and Y and between 0.5 and 1.0 mm/yr in Z.
[48] However, GPS solutions exhibit large discrepancies and in particular around X and Y components. Note that the translation variations of IGS, JPL, and NCL solutions follow the ITRF97, since these three centers have translated their individual solutions to the ITRF97. Note also the peculiar, unexplained large slope of CODE and NOAA solutions in the Y component, and the large Z translation of NOAA solution.
[49] Figure 4 shows the full scale agreement between the three VLBI solutions on the one hand and, on the other hand, that most of the SLR scale differences are within 1 ppb (10 À9 ). Note that the scale rates of the three VLBI solutions are completely negligible, given their uncertainty which is about 0.05 ppb/yr. On the other hand, among the 5 selected SLR solutions, three of them (CSR, CRL, and DGFI) have statistically negligible scale rates, e.g., they are within the error bare (about ±0.06 ppb/y). The scale rates of the two other solutions (CGS and JCET) are À0.11 and 0.19 (±0.06) ppb/yr, respectively. Given their opposite slopes and Figure 4 . Scale variations (ppb) of VLBI, SLR and multitechnique, and GPS solutions. Green lines (grey in B&W version) indicate solutions whose scale weighted average was used to define the ITRF2000 scale. The ITRF97 scale, inserted on these plots, is reduced to TT frame (see text).
their disagreement with the three other SLR solutions, it is most likely that the vertical velocities of some stations in these two solutions are mismodeled.
[50] In order to assess the accuracy of the ITRF2000 scale and origin definition, we computed WRMS values over scale and translation differences (with respect to ITRF2000) upon the three VLBI and five SLR solutions used in the scale and origin definition. These values listed in Table 4 indicate an accuracy of the scale and origin at epoch 1997.0 at (or better than) the 1 mm level and 0.3 mm/yr for their rates.
[51] Moreover, in order to evaluate the long-term stability of the ITRF2000 scale and origin, the WRMS are propagated over 10 years and listed in Table 4 . The propagated WRMS values over 10 years suggest a frame stability better than 4 mm in origin and better than 0.5 ppb in scale (equivalent to a shift of approximately 3 mm in station heights). Note however that the WRMS of the Z translation component is larger than those of X and Y. This fact is most likely due to the SLR network configuration having much more stations in the northern hemisphere.
ITRF2000 Quality Evaluation
[52] The quality of the ITRF2000 depends on the relative qualities of the contributing solutions as well as on the combination strategy equally applied to these solutions. As overall quality indicators of the individual solutions included in the ITRF2000 combination, WRMS values per technique are summarized in Table 5 . The WRMS are computed over the residuals of all stations of a particular solution, using equation (A19). The WRMS values listed in Table 5 indicate that a level of 2 -5 mm in positions and 1 -2 mm/yr in velocities is reached by some of these solutions.
[53] It is also interesting to compare the ITRF2000 to the previous ITRF97 solution in terms of formal errors, both in positions and velocities. The formal errors are those resulting from the final global combination after the estimation of solution variance factors and weighting of solutions within the combination. They correspond to the square root of the diagonal terms of the inverse of the normal matrix of the whole combined solution (i.e., ITRF2000 estimated standard deviations). The histograms presented in Figure 5 illustrate the spherical errors computed, for each point position and velocity by the square root of the square sum of the errors of the three components. Equivalently, the spherical error corresponds to the trace of the variance of the position (respectively, velocity) vector. The significance and justification of the spherical error representation is described in Appendix A (section A7). These spherical errors were then arranged in 5 intervals for each centimeter for position errors and 5 intervals for each millimeter for velocity errors. This figure shows on the one hand an improvement of ITRF2000 compared to ITRF97 and, on the other hand, about 50% of station positions have an error less than 1 cm, and about 100 sites with velocities determined at (or better) than 1 mm/yr level.
[54] In general, it is assumed that the variance matrix associated with a given solution contains both the precision of the estimated station positions and velocities as well as the TRF datum definition effect. Therefore it is important to note that the spherical errors shown in Figure 5 reflect not only the precision of ITRF2000 station positions and velocities but also the accuracy of its datum definition, which is at the one 1 mm level.
[55] The ITRF2000 errors are more meaningful than those of ITRF97 given the fact that the individual solutions included in the ITRF2000 combination are unconstrained. The factors that reduce the ITRF2000 errors compared to ITRF97 include: minimum constraints approach equally applied to the individual solutions, outlier rejections, better use of the local ties in collocation sites (see below) and the improved quality of the individual solutions.
[56] Moreover, in order to have more insight about the significance of the ITRF2000 errors, per-technique combinations were performed whose spherical errors are shown in Figure 6 . For these per-technique combinations (free from local ties), we used all the solutions included in the official ITRF2000 global combination as well as the same strategy analysis. In addition, we also estimated individual variance factors which are found to be slightly optimistic compared to those obtained from ITRF2000 combination. Variance factor differences between ITRF2000 and per-technique estimates may reach 20% (see Table 1 ). All the pertechnique spherical errors shown in Figure 6 are those obtained from the per-technique combinations. We see clearly that they are generally more optimistic than those of the ITRF2000 combination (see, for example, VLBI position and velocity errors and GPS position errors). Reasons for such differences include local ties (for which we adopted unity variance factors, except for the dew- ETG eighted ones) and possible systematic discrepancies between techniques.
ITRF2000 and Collocation Sites
[57] As illustrated in Figure 1 , the ITRF2000 contains 101 sites having 2, 3 or 4 collocated techniques. Unfortunately, local ties are not all available at the time of the ITRF2000 computation. While about 200 local tie vectors were included in the combination, 38 were missing, 25 of which are highly important, given their geographic location and/or quality of their geodetic instruments. On the other hand, among the included local ties, 20 vectors are declared as dubious since their postfit residuals are larger than or equal to 1 cm. Note that ''dubious'' means either local ties or space geodesy estimates are imprecise or in error. In order to preserve the implied collocations in the combination, dubious local ties having normalized residuals exceeding the threshold of 4 were deweighted rather than rejected. Deweighting the dubious local ties consists in rescaling their standard deviations by a factor of 10, so that their normalized residuals in the final combination become less than the adopted threshold. This is for instance the case of three highly important sites where VLBI-GPS local ties disagree with space geodesy estimates. These sites are Fairbanks (Alaska), O'Higgins (Antarctica), and Westford (Massachusetts), having residuals in the vertical components, of about 2, 3, and 2 cm, respectively. In order to assess how this kind of discrepancies would affect the combination, we performed a global combination test (using all the data included in the ITRF2000) in which we assigned an error of 1 mm (instead of 6 mm used in the official ITRF2000 combination) to the VLBI-GPS local tie in Westford site. As result of this combination test, almost all VLBI and GPS coordinates are shifted in the vertical component, compared to the official ITRF2000 values, by about 1 mm for VLBI and 3 mm for GPS. The effect on the transformation parameters is found to be only in the scale factor: The relative scale factors between all VLBI and GPS solutions are affected by about 0.5 ppb. Therefore deweighting dubious local ties avoids contaminating space geodesy estimates (and so ITRF2000 results) by possible local tie errors.
ITRF2000 and Plate Tectonics
[58] Global relative plate motion models were derived using geological and geophysical data records, averaged over the past few million years, such as RM2 of Minster and Jordan [1978] and the current widely used NUVEL-1A of DeMets et al. [1990, 1994] , dividing the lithosphere into tectonic plates (about 10 large plates and some small ones).
[59] From these relative models, absolute plate motion models were derived and referred to the fixed deep mantle assumed to be rigid or having negligible motions compared to those of tectonic plates. Two different assumptions are generally used in deriving absolute models: (1) the plates (implicitly the lithosphere) have no-net-rotation over the mantle; and (2) hot spots have no motion with respect to the mantle, or at least negligible motion as compared to those of tectonic plates. Generally, these two types of absolute models are performed by estimating the rotation pole of one plate, according to one of the two assumptions, and then deriving rotation poles of the remaining plates, using the relative models, by vector subtraction.
[60] Early absolute plate motion models were discussed by Solomon and Sleep [1974] , followed by those of Minster and Jordan [1978] : AM0-2 using assumption 1 and AM1-2 using assumption 2 and the current widely used model NNR-NUVEL-1A. While relative motions of tectonic plates are clearly determined (providing motion of one plate relative to another one), absolute models are very sensitive to the underlying assumption (or TRF definition), and their differences may reach several milliarc seconds (mas) per year: the difference between AM0-2 and AM1-2 is about 1 mas/yr (3 cm/yr on the Earth surface); the velocity between NNR-NUVEL-1 and HS2-NUVEL-1 [Gripp and Gordon, 1990 ] may reach 37 mm/yr [Argus and Gordon, 1991] .
[61] The geological NNR absolute plate motion models mentioned above are derived with a summation over assumed rigid plates using an equilibrium equation, given by Solomon and Sleep [1974] , and easily derivable from Tisserand's equation (5) of null angular momentum. Simplifications are used in the generation of these models such as the assumption of a uniform density for all plates and neglecting their thickness variations.
[62] The alignment in orientation rate of the ITRF2000 to NNR-NUVEL-1A is then an implicit application of the NNR condition. This procedure is fully equivalent to minimizing the global rotation rate between ITRF2000 and NNR-NUVEL-1A. In addition, even if the relative model NUVEL-1A (on which the absolute model NNR-NUVEL-1A is based) has possible deficiencies, this will not disrupt the internal consistency of the ITRF2000, being insensitive to the datum definition.
ITRF2000 Velocity Field
[63] As stations within the same site were constrained to have the same velocity, ITRF2000 velocities of such sites are the average (in least squares sense) of those of individual stations available in the different solutions included in the combination. Therefore possible velocity discrepancies between solutions (or techniques) should then appear in the postfit residuals. Inspection of site velocity residuals reveals some discrepancies within and between techniques, in particular in the vertical component. As an example, in Fairbanks site (Alaska), all the GPS vertical velocity residuals are discrepant in the same direction compared to VLBI, and differences between GPS solutions may reach 5 mm/yr. Thus the velocity of this site is entirely determined by VLBI.
[64] Although the ITRF2000 orientation rate is aligned to that of NNR-NUVEL-1A, it is important to quantify the residual velocities between the two velocity fields. Figure 7 shows horizontal velocity differences between ITRF2000 and NNR-NUVEL-1A over 49 sites of the 50 selected ones (ordered as in Table 2 ), distributed over six plates having at least four sites. The 50th site, MasPalomas, is on the geodetically poor African plate. In Figure 7 , we clearly see per-plate systematic residuals between the two velocity fields, as for example along the north -south direction: about 1.5 mm/yr for Eurasia and, in the opposite direction, about 2 mm/yr for North America. This behavior suggests a relative angular velocity difference for these two plates of approximately 3 mm/yr between ITRF2000 and NUVEL-1A estimates. Most importantly along the east -west component, the velocity residuals of the Pacific plate reach about 4 mm/yr for three sites. These per-plate systematic differences indicate the inadequacy of the NUVEL-1A model to describe the current plate motions as seen by the ITRF2000 results. This residual behavior also means that although we ensured the ITRF2000 alignment to NNR-NUVEL-1A, differences between the two, in terms of site velocities may exceed 3 mm/yr. Meanwhile it should be emphasized that these differences do not at all disrupt the internal consistency of the ITRF2000, simply because the alignment defines the ITRF2000 orientation rate and nothing more. The absolute rotation poles predicted by NNR-NUVEL-1A model are not equal to those which would be estimated using ITRF2000 velocities. In addition, while an ITRF2000 estimated rotation pole for a given plate depends on the sites used and the level of rigidity of that plate, NNR-NUVEL-1A always yields the same rotation pole for any sub-set of sites on that plate.
[65] In order to illustrate the discussion above, we used ITRF2000 velocities to estimate NNR absolute rotation poles for six tectonic plates, listed in Table 6 . In this estimation we used the 49 sites on rigid plates listed in Table 2 , augmented by O'Higgins (Antarctica plate) and Haleakala (Pacific plate) to improve the geometry and number, respectively, of sites distributed over these two plates. The linearized observation model used is based on the well-known equation linking the Euler vector w p with point velocity _ X i , of position vector X i , located on plate p:
The full variance matrix of the 51 site velocities was extracted from the ITRF2000 SINEX file and used in the Euler vectors estimation in a single inversion, thus preserving the correlations between velocity parameters. In addition, as illustrated in Figure 8 , postfit velocity residuals resulting from this estimation of NNR absolute rotation poles are within ±1 mm/yr level.
ITRF2000 Relative Plate Motion Model
[66] Using the six NNR absolute rotation poles, relative poles were then derived by vector subtraction and listed in Table 7 . Relative rotation poles are insensitive to the TRF orientation rate, even though the ITRF2000 velocity field is aligned to NNR-NUVEL-1A. It is then instructive to compare ITRF2000 relative poles to those predicted by NUVEL-1A, as listed in Table 7 . Table 7 shows that Figure 7 . Velocity differences (ITRF2000 minus NNR-NUVEL-1A) in mm/yr for 49 core stations used in the orientation and rate definition. Note that UP differences are in fact vertical velocities since NNR-NUVEL-1A is a horizontal model. differences between the two range between 0.03°and 0.08°/ m.y., equivalent to approximately 1 -7 mm/yr over the Earth's surface, at the geometric ''barycenter'' of each plate. As shown in Table 7 , relative to the Pacific plate, we find that the angular velocities of the other plates inferred from ITRF2000 results appear to be faster than those predicted by NUVEL-1A model, except for the Australian plate. In addition, we found that the Australia and Eurasia rotation poles, relative to the Pacific plate, are located about 5 and 7°, respectively, more to the east than those predicted by NUVEL-1A model.
[67] Moreover, the ITRF2000 results show a relative motion between the two most populated plates in terms of geodetic sites, Eurasia and North America, faster than that of NUVEL-1A, by about 0.056 (±0.005)°/m.y. The location of their relative rotation pole is found to be about at 10°in latitude and 7°in longitude more to the northwest, compared to NUVEL-1A prediction.
Conclusions
[68] The ITRF2000 is the most extensive and accurate version of the International Terrestrial Reference Frame ever developed, containing about 800 stations located on about 500 sites. The densification part increases access to the ITRF2000 for various Earth science applications. The internal consistency of the independent SLR and VLBI solutions included in ITRF2000 allowed an accurate implementation of the global frame origin and scale at the 1 mm level. The accuracy of its long-term stability, evaluated over 10 years, is estimated to be better than 4 mm in origin and better than 0.5 ppb in scale, equivalent to a shift in station heights of approximately 3 mm over the Earth's surface. The ITRF2000's strength is that it combines space geodesy TRF solutions that are free from any external constraint, reflecting the actual precision of space geodesy techniques for station position and velocity estimates over the Earth's crust. Geophysical information inferred from this frame, such as tectonic plate motions, allows meaningful comparisons with the existing geological models, such as NUVEL-1A. Although the ITRF2000 orientation rate alignment to NNR-NUVEL-1A is ensured at the 1 mm/yr level, differences between the two may reach 3 mm/yr or more but do not alter the internal consistency of the ITRF2000. These differences are the consequence of significant disagreement between ITRF2000 and NUVEL-1A in terms of relative plate motion. This important finding indicates clearly that space geodesy techniques combined together can be used to estimate a global plate motion model (for a limited number of plates), or at least to contribute significantly to a mixed geodetic -geological model. Moreover, the densified ITRF2000 global frame provides a vast velocity field permitting detailed and localized crustal deformation evaluation in plate interiors as well as along plate boundaries. Seeking more refined datum definition in orientation rate, we finally believe that more and more thorough geodeticbased investigations have to be carried out in future to apply the NNR condition upon space geodesy observing sites which contain, unlike assumed rigid plates, more pertinent information related to the kinematic properties of the Earth's crust. The link of this condition to Earth rotation theory should also be taken into account. Finally, we believe [69] The standard relation of transformation between two reference systems is a Euclidian similarity of seven parameters: three translations, one scale factor, and three rotations, designated respectively, T1, T2, T 3, D, R1, R2, R3, and their first time derivatives:
R3. The transformation of a coordinate vector X 1 , expressed in a reference system (1), into a coordinate vector X 2 , expressed in a reference system (2), is given by
[70] IT is assumed that equation (A1) is linear for sets of station coordinates provided by space geodesy techniques (origin difference is about a few hundred meters, and differences in scale and orientation are of 10 À5 level).
[71] Generally, X 1 , X 2 , T, D, R are functions of time. Differentiating equation (A1) with respect to time gives
Since D and R are of 10 À5 level and _ X is about 10 cm per year, the terms D _ X 1 and R _ X 1 are negligible, about 0.1 mm over 100 years. Therefore equation (A2) could be written as
A2. Estimation of the Seven Transformation Parameters and Their Rates Between Two TRFs
[72] Least squares adjustment is commonly used to estimate the seven transformation parameters and their rates between two TRFs. For this purpose, equations (A1) and (A3) are rewritten as
where q and _ q are the vectors of the seven transformation parameters and their rates, respectively. A is the design matrix of partial derivatives constructed upon approximate station positions (. . ., x 0 i , . . .), where 1 < i < n and n is the number of stations: 
[73] Least squares adjustment yields solutions for q and _ q of equations (A4) and (A5) as follows:
The estimated transformation parameters (and their rates) depend on the choice of the weight matrix P x for station positions, and P v for station velocities. There are mainly three choices for the weight matrix: unit weights, P x = I (respectively P v = I ), where I is the identity matrix; cumulated diagonal terms of the two inverses of the variance matrices associated with solutions X 1 and X 2 ; and cumulated inverses of the two full variance matrices.
[74] It is usually not guaranteed that the three cases will yield the same estimated values. It is, on the other hand, well known that the seven transformation parameters are correlated, particularly in the case of regional networks. Note that if the two implied TRFs are of the same quality, having global coverage, with no erroneous positions (velocities) and with well-conditioned variance matrices, the above three cases should theoretically provide the same estimated values of the transformation parameters. 6 a x , y , z are the three Cartesian components of the relative rotation pole in radians/m.y. and N are ITRF2000 and NUVEL-1A relative rotation pole vectors, respectively, in deg/m.y. Á = | À N |. d is the magnitude of velocity differences in mm/yr over the Earth's surface, at the ''barycenter'' of each moving plate relative to the reference one. Uncertainties are not listed but could easily be computed from Table 6 .
[75] Note that equations (A7) and (A8) could be solved for in a single least squares adjustment in the case where the two frames contain station positions as well as velocities. In this case, the design matrix has 14 columns instead of seven given in equation (A6), the last seven columns are similar to the seven first ones, as derived from equation (A3).
A3. ITRF Combination Model
[76] A general physical model is given below, simultaneously combining station positions as well as velocities. Assuming that for each individual solution s, and each point i, we have position X s i at epoch t s i and velocity _ X s i , expressed in a given TRF k.
[77] The combination consists in estimating: positions X itrf i at a given epoch t 0 and velocities _ X itrf i , expressed in ITRS and transformation parameters T k at an epoch t k and their rates _ T k , from the ITRF to each individual frame k. The general combination physical model is given by
where for each individual frame k, D k , T k , and R k are respectively the scale factor, the translation vector and the rotation matrix.
[78] The combination model given in equation ( 
where A1 s and A2 s are design matrices defined (for each point i) by with dt s i = t s i À t 0 , dt k i = t s i À t k , and A s i is the design matrix relative to point i as defined by equation (A6). P s is the weight matrix (the inverse of the variance matrix of solution s) and B s is the vector of (Observed -Computed) parameters, in terms of least squares adjustment. The unknown parameters in equation (A10) are X: station positions & velocities and T k : transformation parameters from ITRF to frame k.
A4. Constraint Handling
[79] In the case where constraints are introduced in an estimated solution X s est , containing station positions and velocities, the selected method of combination is to remove them by subtracting the inverse of the estimated (AE s est ) and constraint (AE s const ) matrices:
Note that it is most likely that the resulting unconstrained matrix (AE s unc ) À1 is singular due to the fact that it has a rank deficiency corresponding to some of the TRF datum parameters among the 14 ones (three translations, one scale factor, three rotations; and their corresponding rates). To complete this rank deficiency, minimum constraints are then added to obtain the minimally constrained variance matrix AE s mc :
where B = (A T A)
À1
A T is the matrix containing all the information necessary to define the TRF datum, depending on the shape of the implied network. Note that B is made up of appropriate columns of A given in equation (A6). AE q is a diagonal matrix containing small variances for the 14 transformation parameters. The resulting deconstrained solution (X s ) then becomes
where X s const is the a priori parameter vector with which constraints were applied.
[80] In the case of a loosely constrained solution (e.g., in which some station positions and velocities are constrained to a priori values with s ! 1 m for positions and !10 cm/yr for velocities), the corresponding variance matrix is augmented by minimum constraints in order to define the TRF datum using:
A5. Variance Component Estimation and RMS
[81] When combining solutions of station positions and velocities coming from heterogeneous sources, it is therefore postulated that each individual variance matrix is known to a given scale factor (or variance factor: s s ). This latter is computed iteratively through a variance components estimation technique.
[82] Designating by v s the vector of position and velocity postfit residuals of solution s, the variance factor is computed by 
As seen in equation (A16), f s is the generalization of the redundancy factor appearing in the classical estimate of the variance factor (c 2 ) of a least squares adjustment. That is why we define f s as the redundancy factor given by with n s number of stations of solution s; n inverse of the normal matrix of the whole combined solution; A s design matrix of partial derivatives of solution s; P s weight matrix of solution s: (P s = AE s
À1
). A similar procedure of variance component estimation is used by Davies and Blewitt [2000] .
[83] The usual RMS estimator is computed using where v s X is the vector of residuals restricted to station positions, and f s X is the redundancy factor computed over station positions, estimated as in equation (A17).
[84] The weighted RMS (WRMS) is computed by
with D(AE s X ) being a diagonal matrix extracted from the original individual variance matrix, related to the station positions part. Velocity RMS and WRMS estimators are also derived in a similar way as equations (A18) and (A19).
A6. Epoch of Minimal Position Variance
[85] For a given station with position vector X at epoch t s and velocity vector _ X , the variance propagation law gives its variance at epoch t as
The epoch of minimal position variance t is the epoch which minimizes the variance of the station position so that:
Note that we minimize the trace of the variance computed over the 3 components (x, y, z) of the position vector X, taking into account its velocity components (_ x, _ y, z : ), so that
A7. Spherical Error [86] Let X i be the vector of Cartesian coordinates of point i at a given epoch, and AE i the associated covariance matrix. There exists a local frame in which AE i becomes diagonal. Let P being the rotation matrix that defines the frame transformation. By construction, PAE i P T is a diagonal matrix and is actually the variance of the vector U i defined by (IE is the expectancy) The components u i j of U i are random variables which can be interpreted as error terms over the three coordinates of the rotated vector PX i . Let us consider the norm of the ith point [87] Thus the spherical error d i measures the dispersion (in the distance sense) of the error vector X i À IE(X i ) around the true position IE(X i ) of the ith point.
